INTRODUCTION
Bacteria in biofilms exhibit reduced susceptibility, in comparison with freely suspended cells, to a wide variety of antimicrobial agents (Brown and Gilbert 1993) . Although resistance mechanisms are important for controlling biofilms in diverse industrial and medical contexts, the mechanisms of biofilm resistance are not completely understood.
One hypothesized resistance mechanism is that the extracellular polymeric matrix of the biofilm constitutes a barrier to the inherent diffusive mobility of antimicrobial agents (Brown and Gilbert 1993) . While solute diffusion in biofilms is somewhat retarded compared with diffusion in pure water, small solutes the size of disinfectants and antibiotics diffuse
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© 2000 The Society for Applied Microbiology freely in biofilms (Stewart 1998) . Given what is known about diffusion in biofilms, it is difficult to substantiate a generic physical barrier to antimicrobial diffusion (Stewart 1996) . On the other hand, when the antimicrobial agent is reactively neutralized in the biofilm, slow or incomplete penetration can easily result (Stewart and Raquepas 1995; Stewart 1996) . Bacteria or matrix constituents near the surface of the biofilm remove the biocide or antibiotic in large enough quantities to protect the bacteria more deeply embedded (Nichols et al. 1989; Brown and Gilbert 1993; Xu et al. 1996) .
A second general hypothesis to explain biofilm resistance is that the cells in the biofilm are metabolically and physiologically different from planktonic cells (Nickel et al. 1985; Nichols et al. 1988; LeMagrex et al. 1994; Srinivasan et al. 1995; Sanderson and Stewart 1997; Cochran et al. 2000) . An intriguing version of this hypothesis is that the biofilm phenotype is genetically programmed and results from the up-regulation of banks of biofilm genes and the down-regulation of genes expressed primarily in planktonic culture. There are two regulatory genes that are particularly attractive candidates for involvement in mediating the biofilm physiology of Pseudomonas aeruginosa, algT and rpoS.
In the cystic fibrosis lung, mucoid strains of Ps. aeruginosa produce copious amounts of alginate. Alginate production is regulated by a cassette of genes, algTmucABC (Hershberger et al. 1995) . AlgT is a sigma factor involved in the positive regulation of the mucoid phenotype in Ps. aeruginosa. MucA and MucB inhibit the production of AlgT in a negative feedback loop (Schurr et al. 1996; Xie et al. 1996) . When spontaneous null mutations in mucA or mucB occur, AlgT is up-regulated, resulting in the increased production of alginate (Schurr et al. 1996; Xie et al. 1996) . It has been suggested that alginate promotes biofilm formation (Boyd and Chakrabarty 1995) and it may be speculated that AlgT could function as a key factor in converting to the biofilm mode of growth. AlgT is also functionally interchangeable with RpoE, an extreme stress sigma factor found in the Enterbacteriaceae . Perhaps up-regulation of AlgT simultaneously induces biofilm formation and protection against extracellular stresses.
The alternative sigma factor, RpoS, has been identified as a central regulator of stationary phase-responsive genes (Lange and Hengge-Aronis 1991) . In Escherichia coli, RpoS controls a large group of genes. Among the genes controlled are katE (Loewen et al. 1985) , katG (Loewen et al. 1985; Ivanova et al. 1994) and xthA (Demple et al. 1983) . All of these genes are involved in the protection of the cell against hydrogen peroxide. RpoS may also play a significant role in biofilm development. Structural and physiological heterogeneity of biofilms is now widely recognized (de Beer et al. 1994; Huang et al. 1995; Wentland et al. 1996; Huang et al. 1998) , with regions of slow growth or reduced metabolic activity existing in close proximity to actively growing cells (Wentland et al. 1996; Huang et al. 1998; Xu et al. 1998) . RpoS is expressed in Ps. aeruginosa (Fujita et al. 1994; Tanaka and Takahashi 1994; Latifi et al. 1996; Jo Ârgensen et al. 1999; Suh et al. 1999) under stress conditions. RpoS has also been shown to be upregulated in Ps. aeruginosa biofilms (Xu et al. 1999) and is highly expressed in the sputum of cystic fibrosis patients (Foley et al. 1999) .
In an earlier report (Cochran et al. 2000) , the use of alginate gel beads as an attachment substratum for biofilm formation was described. It was shown that the thin Ps. aeruginosa biofilms (10 5 cfu cm -2 ) developed in this system were less susceptible to monochloramine and hydrogen peroxide than planktonic cells. Analysis of transport phenomena in the gel bead biofilm system showed that the decrease in biocide efficacy was not due to mass transport limitations. These thin biofilms did not inhibit penetration of the disinfectant as they were equivalent to less than a monolayer of cells. Cochran et al. (2000) hypothesized that the attached cells were physiologically altered to become less susceptible to oxidizing biocides.
The aim of the work reported here was to investigate the role of two alternative sigma factor genes, algT and rpoS, in the protection of biofilm cells against oxidative biocides. It was hypothesized that these genes are required to implement full biofilm resistance to hydrogen peroxide and monochloramine. algT and rpoS were chosen because they encode for sigma factors that are known to protect the cell against environmental stresses and because there are preliminary indications that these genes may be involved in biofilm phenomena.
MATERIALS AND METHODS

Bacterial strains, media and enumeration
The bacterial strains used in this study are listed in Table 1 . PAO1 is a standard strain of Ps. aeruginosa. SS24 has the genotype rpoS::aacCl (Suh et al. 1999) and is therefore RpoS -. PAO6852 has a tetracycline gene inserted into algT, thus inactivating this gene. Escherichia coli DH10B (Gibco) was routinely used as the host for cloning and harbouring plasmids. Modified R2A (APHA et al. 1995) , without K 2 HPO 4 and starch and with the addition of 3·4 mmol l −1 CaCl 2 .2H 2 O, was used as growth medium for all disinfection experiments. For molecular techniques, Luria broth (LB) (10 g tryptone, 5 g yeast extract, 5 g NaCl l −1 ), alone or supplemented with ampicillin (100 mg ml −1 ), carbenicillin (300 mg ml −1 ) or gentamicin (20 mg ml −1 ), was used. Enumeration of bacteria was performed by serial dilution in phosphate-buffered saline (pH 7·5) (PBS) (US Food and Drug Administration 1984) followed by drop-plating 10 ml drops (Miles and Misra 1938; Hoben and Somasegaran 1982) onto R2A plates (Difco).
Preparation of disinfectants
Monochloramine solution was prepared as previously described by Chen et al. (1993) and hydrogen peroxide solutions were prepared by diluting unstabilized hydrogen peroxide (30%) (Hach; ACS grade). Both monochloramine and hydrogen peroxide were titrated prior to each experiment to determine their concentrations. Monochloramine was titrated using a Hach amperometric titrator (Hach, Loveland, CO, USA). To determine hydrogen peroxide concentration, the method of Klothoff and Sandell (1952) was modified by titrating to a colourless endpoint using standardized 0·1 l −1 sodium thiosulphate.
Planktonic disinfection assay
An overnight culture of Ps. aeruginosa was sub-cultured into fresh R2A to a final cell concentration between 10 7 and 10 
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cfu ml −1 and incubated for 4 h. The exponentially-growing culture of Ps. aeruginosa was homogenized with a tissue homogenizer for 1 min on ice. The cells were then diluted to 10 6 cfu ml −1 in phosphate-buffered water (pH 7) (PBW) (APHA et al. 1995) . Monochloramine stock solution was added to the PBW to attain a final concentration of 2 mg l −1 . Cells were sampled at timed intervals over a 10 min period from the start of the experiment. Cells were removed from the monochloramine and diluted into PBS containing sodium thiosulphate (1 mmol l −1 final concentration) to neutralize the monochloramine. Total remaining chlorine in the reaction vessel was determined using the Hach amperometric titrator. Disinfection experiments were also performed with 600 mg l −1 hydrogen peroxide. Cells were sampled every 10 min for 60 min. The reaction was stopped using 4·12 mmol l −1 , final concentration, of sodium thiosulphate in PBS. Final hydrogen peroxide concentrations were determined by titration with sodium thiosulphate as described above.
As controls, planktonic cells were sub-cultured in PBW (10 6 cfu ml −1 ) without the addition of an antimicrobial agent and sampled at the start and end of the disinfection assay. For all disinfection experiments, cells were serially diluted in PBS and enumerated by the drop plate method, as described above.
Alginate bead biofilm formation and disinfection
Cells were attached to alginate gel beads as described previously by Cochran et al. (2000) . Biofilms were grown for 24 and 48 h before being exposed to oxidative biocides. Preparation of biocides and disinfection assay experiments were the same as the procedures used by Cochran et al. (1998) . Biofilms were exposed to 2 mg l −1 monochloramine for 10 min and to 600 mg l −1 hydrogen peroxide for 60 min.
Beads were removed at timed intervals and biocide was neutralized with sodium thiosulphate. Beads were dissolved in citrate buffer (Cochran et al. 2000) and cells were enumerated by drop-plating, as described above.
Glass slide biofilm formation and disinfection
Pseudomonas aeruginosa biofilms were grown on glass slides in a biofilm apparatus described by Cargill et al. (1992) . Biofilms were grown as described by Cochran et al. (2000) for 24 h in conditions similar to the bead biofilms. Disinfection of the glass slides was carried out in a clean sterile jar to eliminate the oxidant demand associated with excessive organic matter. The slides were removed at timed intervals and placed into PBW containing sodium thiosulphate to neutralize the biocide. Treated slides were scraped into PBS and cells were homogenized and enumerated on R2A plates.
Calculation of disinfection rate coefficients
The model used to interpret disinfection rates was
where the change in cell density with time is related to the disinfection coefficient, k b , biocide concentration, C, and viable cell density, X. Raw disinfection rates were determined using the least squares method to calculate a regression line through the data consisting of the natural log of cfu cm -2 vs time. A slope with its standard error was calculated, where the slope was the disinfection rate for that experiment. The disinfection rate coefficient was determined by dividing the raw disinfection rate (min −1 ) by the average biocide concentration (mg l −1 ) to normalize against variations in dis-infectant concentrations (Cochran et al. 2000) . This coefficient has units of l mg −1 min −1 .
DNA manipulations, transformations and conjugations
Standard molecular biological techniques were used for DNA manipulation (Maniatis et al. 1982; Ausbel et al. 1987) . Plasmids were purified with QIAprep spin miniprep columns made by Qiagen (Santa Clarita, CA, USA). DNA fragments were excised from agarose gels and purified using the Qiaex II DNA gel extraction system (Qiagen) according to the manufacturer's instructions. Restriction enzymes and DNA modification enzymes were purchased from New England Biolabs, Gibco BRL or Boehringer Mannheim. Standard electroporation procedure was used for E. coli using the E. coli Gene Pulser by Bio-Rad (Hercules, CA, USA). For Ps. aeruginosa, electroporation was performed as previously decribed (Suh et al. 1999 ).
Construction of a Ps. aeruginosa rpoS complementing plasmid clone and complementation of SS24
A 1·9 kb EcoRI-HindIII fragment which carries the complete Ps. aeruginosa rpoS gene was acquired from plasmid pDB19R and cloned into the Ps. aeruginosa-E. coli shuttle vector pUCP19 (Schweizer 1991 ) to generate pSS32. The orientation of the rpoS in pSS32 dictates that rpoS expression occurs from the native promoter and not from the lac promoter carried on pUCP19. pSS32 was then introduced into SS24 and complementation of the rpoS mutant phenotype was determined by immunoblot analysis.
SDS-PAGE and immunoblot analysis
PAO1, SS24, SS24(pSS32) and SS24(pUCP19) were grown in LB overnight at 37°C and sub-cultured until cell densities reached stationary phase, corresponding to an O.D. 600 of 2·2. A 1 ml sample of cells was harvested and pelleted at 13 500 g for 5 min. Pellets were resuspended in 100 ml sterile H 2 O and 100 ml Laemmli sample buffer (Laemmli 1970) were added. Samples were stored at -20°C until use. Separation of proteins by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed by the Laemmli method (Laemmli 1970 ) with 3% stacking gels and 10% resolving gels. Proteins were transferred to nitrocellulose filter paper. Immunostaining was carried out using a 1 : 5000 dilution of polyclonal anti-RpoS (Zgurskaya et al. 1997 ), a gift from Dr Matin, followed by incubation with a 1 : 6000 dilution peroxidase-conjugated antirabbit IgG (Bio-Rad). RpoS-related protein bands were detected with a Bio-Rad Fluor-S Multiimager (Bio-Rad Labs, Hercules, CA, USA) according to the manufacturer's directions.
Statistical analysis
All statistical analyses were performed using Minitab Release 11.12 (Minitab, INC). P-values were calculated using the null hypothesis that the two sets of disinfection rate coefficients were the same. A P-value less than 0·05 indicated that the two sets were statistically different at the 95% confidence level.
RESULTS
Gel bead biofilm disinfection
Planktonic disinfection coefficients for monochloramine experiments for all strains fell within a tight cluster of values from 0·46 to 0·61 l mg −1 min −1 (Fig. 1) . These values were significantly higher than the rates obtained for biofilms grown on alginate gel beads, whose disinfection rate coefficients ranged from 0·19 to 0·29 l mg −1 min −1 (P ¾ 0·015). Biofilm accumulation on alginate gel beads was sparse, with a mean areal cell density of untreated biofilms of 3·7 2 0·30 log cfu cm -2 after 24 h and 3·8 2 0·08 cfu cm -2 after 48 h of growth. Biofilm susceptibility to hydrogen peroxide was clearly strain dependent. While the planktonic disinfection rate coefficients for all strains remained in a tight cluster with values ranging from 3·1 × 10 -4 -3·5 × 10 -4 l mg −1 min −1 (Fig. 2) , PAO6852 (algT -) and SS24 (rpoS -) 24-hour biofilms were significantly more susceptible to hydrogen peroxide than was the wild type PAO1 (P¾ 0·03). PAO6852 and SS24 biofilm disinfection rate coefficients were comparable with planktonic disinfection rate coefficients (P− 0·15). After 48 h of biofilm growth, PAO6852 became less susceptible, with disinfection rate coefficients statistically the same as 48-hour-old PAO1 biofilms (P 0·70). However, SS24 remained highly susceptible to hydrogen peroxide, with coefficients comparable with planktonic wild type disinfection rate coefficients (P 0·51).
RpoS complementation and Western blot analysis
To confirm the findings from Fig. 2 that rpoS expression protects biofilm from hydrogen peroxide disinfection, Ps. aeruginosa strain SS24(pSS32) was made. This complement strain was constructed by electroporating pSS32 into SS24, therefore restoring a wild type genotype. Hydrogen peroxide alginate gel bead biofilm disinfection experiments were repeated with SS24(pSS32) and its vector control SS24(pUCP19). SS24(pUCP19) is SS24 containing the vector, pUCP19, without the rpoS insert, and this strain has an rpoS -genotype. There were no differences between the strains in the planktonic experiments (data not shown). SS24(pSS32) biofilms of 24 hours old were resistant to hydrogen peroxide, with coefficients similar to PAO1 24-hour-old biofilms (P 0·12) (Fig. 3) ; 24-hour biofilms experiments with the vector control, SS24(pUCP19), resulted in disinfection rate coefficients comparable with SS24 and planktonic coefficients (P 0·88).
Antibodies raised against E. coli RpoS protein were used to probe a Western blot of stationary phase cell extracts of PAO1, SS24, SS24(pSS32) and SS24(pUCP19). Figure 4 shows that extracts from PAO1 and SS24(pSS32) each contained a specific protein band detected by the E. coli RpoS antibody. The extracts of SS24 and SS24(pUCP19) did not contain this band. The second lower molecular weight band seen in PAO1 and SS24(pSS32) was believed to be a degradation product of RpoS. When log phase, late log phase, transition phase, stationary phase planktonic PAO1 cultures were used for Western blot analysis, the lower band appeared only in the stationary phase samples, not in the log, late log or transition phase cell extracts (data not shown). 
Glass slide biofilm disinfection
Thick biofilms grown on glass slides exhibited resistance to both biocides (Fig. 5) . The glass slides were more heavily colonized than the alginate gel beads. The slides had an average of 7·6 2 0·27 log cfu cm -2 . The 24-hour glass slide biofilms of all strains had similar disinfection rates when challenged with monochloramine and hydrogen peroxide. Disinfection rate coefficients of 24-hour glass biofilms ranged from 0·082 to 0·12 l mg −1 min −1 with monochloramine, and 3·6 × 10 -5 -5·6 × 10 -5 l mg −1 min −1 with hydrogen peroxide. Unlike disinfection of biofilms growing on alginate gel beads, there were no observed differences in disinfection rate coefficients when using PAO6852 and SS24 with hydrogen peroxide on glass slides (P × 0·0089). These strains were as resistant to hydrogen peroxide as PAO1.
DISCUSSION
Pseudomonas aeruginosa susceptibility to both monochloramine and hydrogen peroxide was significantly reduced when bacteria were grown as biofilms compared with the susceptibility of freely suspended cells. Reduced biofilm susceptibility was manifested in both thin biofilms grown on alginate gel beads and in thicker biofilms grown on glass slides. The ratio of the disinfection rate coefficient measured for planktonic cells to that measured for biofilms, which is a quantitative measure of biofilm resistance, was approximately 1·6-3·9 for monochloramine and 3·9-5·8 for hydrogen peroxide. It is concluded that both biofilm models used in this work capture the phenomenon of reduced biofilm susceptibility and are therefore acceptable experimental systems for investigating mechanisms of biofilm antimicrobial resistance.
In thin alginate gel bead biofilms, a statistically significant contribution of both AlgT and RpoS to resistance to hydrogen peroxide could be demonstrated. However, the protection afforded by AlgT was transient; it was significant in 24 hourold biofilms but could not be discerned in 48 hour-old biofilms. RpoS provided peroxide protection for at least 48 h. The role of RpoS protection to peroxide was further supported by restoration of the wild type phenotype with a complementing plasmid in the mutant strain. Complemented strains were once again resistant to hydrogen peroxide. These findings represent one of the first demonstrations of a link between a specific gene and antimicrobial resistance in a biofilm.
However, the protection afforded by AlgT and RpoS in biofilms was very limited. No contribution of either sigma factor gene to biofilm reduced susceptibility could be detected when gel bead biofilms were challenged with monochloramine. Neither did these genes confer protection to either biocide in thicker biofilms developed on glass slides. In these thicker biofilms, poor penetration of the antimicrobial agents probably contributes to biofilm resistance (Holyle et al. 1992; Stewart 1996 Stewart , 1999 Xu et al. 1996) . It is concluded that the AlgT and RpoS do not mediate generic reduced antimicrobial susceptibility of Ps. aeruginosa biofilms.
These results by no means rule out a genetic basis for biofilm reduced susceptibility to antimicrobial agents. They do suggest that it may be more productive to implement fresh biofilm-based screens for important biofilm genes than to test existing mutants, which have all been derived based on planktonic methods. Evidence for the genetic determination of biofilm development is growing (Davies et al. 1993; Yun et al. 1994; Heilmann et al. 1996; Christensen et al. 1998; Moller et al. 1998; Stickler et al. 1998; Xu, 1999) , so it seems only a matter of time before key genes involved in protecting biofilms from antimicrobial challenges are identified.
